Introduction
Starting from the second half of the 1990s, a rapid growth in the internet sector and related industries, 1 fuelled by the supply of new internet IPOs, resulted in the U.S. stock market experiencing a remarkable rise in its main indices. The internet-heavy NASDAQ Composite Index rose from 775.20 in January 1995 to 2,505.89 in January 1999 and more than doubled from this point to its peak of 5,048.62 on 10 th of March 2000 (Scherbina, 2013) . 2 Afterwards it declined to a low of 1,314.85 in August 2002. This growth and subsequent fall in stock prices has led leading economists, such as Shiller (2001) and Stiglitz (2003) , to suggest the existence of a bubble in the US stock market. Indeed, Stiglitz has called the stock market bubble the seed of destruction of the US economy in the 1990s.
Academic research investigating the existence of bubbles in stock markets is quite extensive (e.g., Campbell and Shiller, 1987, 1988; Diba and Grossman, 1988; Froot and Obstfeld, 1991; Craine, 1993; Timmermann, 1995; Crowder and Wohar, 1998; Lamont, 1998; Thaler, 1999; Shiller, 2000b; Cooper et al., 2001; Ritter and Welch, 2002; Ofek and Richardson, 2002; Lamont and Thaler, 2003; Brunnermeier and Nagel, 2004; Sollis, 2006; Hong and Stein , 2007; Stiglitz, 2009; Gutierrez, 2011; and Griffin et al., 2011; Philips, Shi and Yu, 2012, among others) 3 .
According to the present value theory of finance, fundamental or fair stock prices are determined by the sum of the present discounted values of expected future dividends.
Specifically, stock prices are equal to the present value of rationally expected or optimally forecast future real dividends, discounted by a constant discount rate. This model is generally 1 Macroeconomic conditions were favourable during the second half of the 1990s when the US economy experienced a remarkable performance in productivity growth. From 1995Q4 to 2000Q4 productivity growth per worker was 2.4% per year with a GDP growth rate of 3.5% per year, compared to only 1.4% per year from 1972Q2 to 1995Q4 (Cunado et al., 2005) . 2 The Standard and Poor's 500 (S&P 500) jumped from 330 in December 1990 to 1469 in December 1999. 3 Most of these papers test the existence of stock market bubbles applied to annual data from the S&P 500.
A c c e p t e d M a n u s c r i p t 4 used by economists and investment analysts as a tool to explain the behaviour of aggregate market indices (Shiller, 1981) . In fact, since market uncertainties and frictions exist, and because the discount rate may vary, it is expected that actual prices fluctuate around fundamental values (LeRoy, 1989) . The bubble terminology suggests a likely deviation of the stock price from the fundamental value, proxied by the present value of all its future cash flows, earning or dividends.
The underlying theory for testing rational bubbles in stock prices can be based on studies by Campbell, Lo and McKinlay (1997) , Campbell and Shiller (1987) , Craine (1993) and Koustas and Serletis (2005) , to cite a few. For example, Campbell and Shiller (1987) when testing for cointegration between stock prices and dividends using annual data for the S&P 500 from 1871 to 1986, obtained persistent deviations of stock prices from the presentvalue model, and attributed these deviations to the existence of rational bubbles. Froot and Obstfeld (1991) and Craine (1993) reach the same conclusion, testing for a unit root in the price-dividend ratio using annual data of the S&P 500 for 1900-1988 and 1876-1988 respectively. However, Diba and Grossman (1988) find that stock prices do not contain explosive rational bubbles, when analysing data of S&P 500 index for 1871-1986.
The explanation for using dividend-price information is simple: dividend yields provide a measure of how stocks are valued vis-à-vis their fundamentals. Low dividend yields can be seen as an indication of overpriced stocks compared to their earning ability, represented by their dividends (or future dividends), and high dividend yields are seen as indication of underpriced stocks. Looking at the dividend yield time-series tells even more:
incessantly decreasing dividend-price ratios may be held as an evidence of worsening overpricing, i.e. a bubble, because if prices are constantly rising, these rising expectations should at some point be realised as higher dividends. If price expectations keep rising, but higher dividends fail to materialise, the price rise is not due to fundamentals (i.e. earning
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A c c e p t e d M a n u s c r i p t 5 ability). In other words, the price can be seen as a composite of fundamental value plus a rational bubble component, as described e.g. by Craine (1993) : "rational bubbles satisfy an equilibrium pricing restriction implying that agents expect them to grow fast enough to earn the expected rate of return. The explosive growth causes the stock's price to diverge from its fundamental value".
Recent studies suggest that persistence shifts or systematic deviations in the relationship between stock prices and dividends can be related to the occurrence of rational bubbles in stock markets (Cunado et al. 2005 , Sollis, 2006 Sanso-Navarro, 2009; Philips, Shi and Yu, 2012) . Those studies apply a number of testing procedures intended to deal with processes showing changes in persistence in the order of integration of economic and financial time series 4 . The idea is to locate the point at which the construction of the dividend yield series changes to a unit root (or even explosive) series, using time-series methodology with slight modifications (regime shifts or changes in persistence).
Among these new testing procedures, and in connection to the present paper, we highlight the method developed by Leybourne, Kim and Taylor (2007) , hereafter LKT. This method has the purpose of testing for and dating multiple changes in the order of integration of a time series between trend stationary I(0) and difference-stationary I(1) regimes, based on sequences of doubly-recursive implementations of regression-based unit root statistics.
Since a bubble sees stock prices deviate from their fundamental values, it can been argued that a non-stationary dividend-price ratio characterizes a bubble process. Therefore, if a dividend-price series suffers a change in persistence from I(0) to I(1), this can be considered as evidence of a bubble. Further, if the dividend-price ratio changes back to I(0), this would imply that the bubble has collapsed. Sollis (2006), using the S&P composite index and the M a n u s c r i p t 6 centre for research in security prices (CRSP) data on dividend-price ratio of the New York Stock Exchange Index, tested for changes in persistence on the dividend-price ratio, using a test developed by Leybourne, Kim, Smith and Newbold (2003) and Kim et al. (2002) . He found evidence of shifts from level-stationary to a difference-stationary process, supporting the hypothesis of a time-varying rational bubble. In fact, this test is a predecessor to the LKT approach as it tests for a single change in persistence, but without any date identification. As put forward by Leybourne et al. (2007) , "in general, the tests for a single change in persistence will not be consistent against processes which display multiple changes in persistence. Where multiple changes in persistence occur these procedures also cannot be used in general to consistently partition the data into its separate I(0) and I(1) regimes".
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It should be noted that LKT's method was not developed specifically to test for asset price bubbles, and criticisms have been highlighted by academics in relation to studies applying a unit root test framework to characterise a bubble episode (Gürkaynak, 2008) .
Nevertheless, in early bubble studies using basic unit root tests (e.g. Diba and Grossman, 1988; Evans, 1991; Van Norden and Vigfusson, 1998; Hall et al., 1999 ) the main weaknesses were the inability to identify and date the changes in the order of integration in the period under investigation. As Gürkaynak (2008, p.179 ) puts it, "The unit root based tests have difficulty detecting collapsing bubbles because these behave more like stationary processes than like explosive processes as a result of periodic collapses involved". Therefore, by applying the LKT method to test for multiple changes in persistence in time series, we aim to address the issue highlighted by Gürkaynak. In other words, the capability of the method for identifying and dating regime changes allows the possibility that rational bubbles can collapse 6 .
A c c e p t e d M a n u s c r i p t
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Following the same idea of dating regime changes, a different approach to test for bubbles has recently been proposed by Phillips, Wu and Yu (2011) , hereafter PWY, later refined by Yu (2013, 2013a) . The PWY method is a recursive test procedure which provides a mechanism for testing explosive behaviour, dating the origin and collapse of a bubble and presenting valid confidence intervals for explosive growth rates. The method involves the recursive implementation of a right-tail unit root test (I(1)>1) and a supreme test, together with a new limit theory for moderately explosive behaviour.
In this paper, in contrast to the majority of studies that have used annual S&P 500 data to detect rational bubbles without calendar date identification, we use the methodology developed by LKT to test for the Dotcom bubble using monthly data in the NASDAQ Composite Index, comparing our results with PWY's approach to test for the same bubble.
In other words, our aim by applying the LKT method for signalling asset prices bubbles is to add to the existing literature on time-series and unit root approaches for rational bubbles detection, and counterpoint this against the methodology developed by PYW to detect explosive behaviour, which also characterises a bubble 7 . We also expect to contribute to the debate regarding some of the criticisms attributed to unit root tests framework, by introducing methods capable of identifying and attributing calendar dates to the bubble episode under investigation, something traditional tests do not offer. The traditional tests in the unit root literature, the Dickey-Fuller (DF, 1979 , 1981 test and its augmented version (ADF) have been shown to have severe limitations, especially for changes in persistence 8 .
contexts. For example, Noriega and Ramos-Francia (2009) use the LKT procedure to test for change in persistence in the US inflation, suggesting that these changes were linked to changes in economic policy. 7 Recently Homm and Breitung (2012) also produced a study covering different time-series methodologies to test for rational bubbles. 8 Busetti and Taylor (2004) showed that the traditional ADF test is not consistent in the case of changes in persistence, as the test does not converge to minus infinity with sample size when applied to series containing persistence breaks caused by the I(1) part's dominance in test results.
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The paper is organised as follows: Section 2 summarises the LKT and the PWY methods; Section 3 describes the data; Section 4 presents the empirical results and checks the robustness of the results; and Section 5 presents the concluding remarks.
Methodology
Leybourne et al. (2007) 9 develop a test for multiple changes in persistence, i.e.
changes in the order of integration of a time series, which allows consistent estimation of the change dates and is also robust to the presence of multiple level breaks. The test is the only extant methodology which is consistent when multiple changes in persistence take place.
The data generation process (DGP) consists of the following Time-Varying (TV)
where y t is the series being tested,
is the deterministic kernel and ε t is a martingale difference sequence. In Eq.
(1), u t is assumed to be a TV AR(p) process, rewritten such that
, where m is the number of changes in persistence. The null hypothesis being tested is H 0 : y t ~ (1) throughout the sample, and the alternative is H 1 : y t experiences one or more changes in persistence between I(1) and I(0) or vice-versa. Under H 1 , ρ i is subject to m ≥ 1 unknown persistence changes, producing m+1 segments with change points given by τ 1 <τ 2 <…<τ m−1 <τ m . The procedure divides y t , t = 1,…,T into separate I(0) and I(1) regimes, and consistently estimates the change points. LKT define the fraction τ ∈ (λ,1),
A c c e p t e d M a n u s c r i p t 9 for a given λ in (0,1), and base their test H 0 vs. H 1 on the local GLS de-trended ADF unit root statistic (Elliot et al.,1996) , that uses the sample observations between λT and τT, called DFG(λ,τ), obtained as the standard t-statistic associated with ˆi  in the fitted regression:
with '
and the OLS estimate of β in the regression of y λ,T on z λ,T , where
, and 0 c  . The test is based on doubly-recursive sequences of DF type unit root
Application of the M test yields the start and end points (i. Given a time series x t (log stock price or log dividend), the augmented Dickey-Fuller (ADF) test for a unit root is applied against the alternative of an explosive root (right-tailed test). That is, equation (3) is estimated by least squares for a certain number of lags J.
Significance tests or an information criterion can be used to determine the lag parameter J.
The unit root null hypothesis is H 0 : δ = 1 and the right-tailed alternative hypothesis is H 1 : δ > 
The Data
The data utilised in this study consist of monthly observations of the NASDAQ A c c e p t e d M a n u s c r i p t
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It can be seen that the real price and the real dividend indices are positively skewed, leptokurtic and not normally distributed. The raw data series of the dividend-price ratio has a positive skewness, meaning that most of the data are concentrated below the mean of 1.59.
The distribution is also slightly platykurtic. The logarithm of the dividend price ratio is slightly skewed to the right, platykurtic and normally distributed.
Empirical Results
In this empirical application, following the suggestion in LKT, we set λ=1/T such that λT=1, making τ = 0.10. To determine the value of k i , we use the Schwarz information criterion (Schwarz, 1978) which defines the appropriate lag length for values of k i having a maximum value of 12, for every sample or sub-sample regression computed.
We report the results obtained for the version of the test with an intercept and a linear time trend, that is, since 
is the deterministic components a linear trend The results are summarised in Table 2 . Filardo (2011) argues that while this correspondence might be appealing, the driving force of positive and negative asset price bubbles are likely to be different. Positive price bubbles, be they in equities, housing, commodities, or other widely held assets, are expected to inflate progressively over time. The main driver is usually overconfidence that manifests itself in increased risk appetite (technically, less risk aversion) and optimistic expectations of future earnings. While the prices are misaligned with longer-term fundamentals, the root of big bubbles is generally linked to periods of history when innovations, real or financial, nurture an environment of excessive optimism about the future.
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Negative asset price bubbles, in contrast, would seem to come in a wider variety of types. On the one hand, negative asset price bubbles can expand and burst in a way similar to positive asset price bubbles, as irrational beliefs permeate an economy; for negative asset price bubbles it would be irrational pessimism. One can envision this bubble process building slowly over time, as pessimism and risk aversion breed further pessimism and risk aversion.
On the other hand, negative asset price bubbles could be initiated in a more dramatic fashion.
In this case, a sudden negative overreaction to current events leads to a significant and immediate underpricing of risk.
Looking at the economic history of the US, the negative asset price views and results obtained from the LKT procedure may be supported by overreaction and pessimism linked to economic and political events between 1973-1992: 1973-1974 
Robustness and the PWY Test
As the depressed prices captured for the first I(1) period, to our knowledge, have not being reported in the rational bubble tests literature, we check for the robustness of the LKT dividend yield results by applying the methodology to the NASDAQ price-earnings ratio.
The choice of a price-earnings ratio follows the same argument as the dividend-price ratio; that is, the idea of stock prices being determined by the sum of present discounted values of future earnings. The ratio is generated by dividing the current market price of a share by its latest earnings. A high P/E ratio might imply an overvalued market and a low P/E ratio and undervalued one.
12 12 Evidence of low P/E ratios generating abnormal returns is well documented in studies by Basu (1975 Basu ( , 1977 Basu ( , 1983 ; Keim (1988); Lakonishok et al. (1994) ; Gregory et al. (2001 Gregory et al. ( , 2003 and Anderson and Brooks (2006) , to cite a few. As reported for the dividend-price ratio in Table 2 , the LKT results for the priceearnings ratio suggest the existence of two I(1) periods. Although not exactly the same, the first non-stationary period for the price-earnings ratio appears to embrace a considerable part of the unexpected negative bubble identified in the dividend-price ratio. By spanning from
February-1978 to September-1999 (259 months) it also picks up a reasonable partition of the Dotcom period that peaked by March 2000 (P/E ratio=68.3). The second period, as observed for the dividend-price ratio, also captures the recent financial crisis. with the overlapping I(1) periods identified for both series. At first glance it appears that M a n u s c r i p t 19 during the suggested periods, where prices are below both dividends and earnings, the dividend-price ratio tends to deliver a higher yield than the price-earnings ratio. On the other hand, during periods of systematic price increases perhaps attained to an asset price bubble (likely to be fed by perspective positive future earnings), the price-earnings ratio tends to deliver higher yields. Nevertheless, the indication here is that both the dividend and the price earnings ratios suggest that during the 70s and 80s the NASDAQ was undervalued.
We also consider the PWY test for a bubble in NASDAQ, using the real monthly Source: Phillips, Wu and Yu (2011) Second, neither method is precise concerning the beginning and end of the bubble.
The two tests using the PWY methodology cited in this paper found different dates for the beginning and ending of the Dotcom bubble (4 th and 5 th rows of Table 4 ). Using the LKT method, we also find different start and end dates for the bubble, when using different sample periods.
Third, it becomes apparent that the LKT's method is less sensitive to the beginning of a bubble, as it only captures the beginning of the bubble as December 1998, when prices have already gone some way from their fundamental values, as seen in Fig. 1 . However, when the price-earnings ratio is used, the test clusters both the period where there is a suggestion of a negative bubble and a substantial part of the Dotcom period. This can also be seen by comparing this with the two PWY bubble starting points of July 1995 and June 1995, respectively. If we consider that on average, the media registers the Dotcom bubble as 15 According to Shiller (2003, p. 91 ), a negative bubble occurs when price movements propel "further downward price movements, promoting word-of-mouth pessimism, until the market reaches an unsustainably low level". Other references to negative bubbles can be found, for example, in Blanchard and Watson (1982) , Flood and Roderick (1990) , Payne and Waters (2005) , and Shiller (2000a) . 
Conclusions
This study has investigated multiple changes in persistence of time series data on the dividend-price and price-earnings ratio for the NASDAQ composite index over the period 1973-2013, by applying a time-series method capable of signalling and dating asset price bubbles.
The method developed by Leybourne et al. (2007) , the LKT test, is part of a new batch of procedures that address a key flaw in previous time-series and unit root approachestheir inability to detect and attribute calendar dates to changes in persistence on the stationary and non-stationary condition of a series under investigation. That is, by being able to find when a time-series changes its regime from I(0) to I(1), and vice-versa, the LKT approach allows us to conjecture the initiation and collapse of rational bubbles. A c c e p t e d M a n u s c r i p t
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The results also suggest that, although not fully precise, the possibility of finding changes in persistence or explosive behaviour, plus the capability of identifying calendar dates to those episodes, flag not just the likely use of such unit root methods to test for asset price bubbles, but also opens a new dimension for the analysis of economic and financial time series data. For example, because both methodologies appear to provide timely warning signals of exuberant prices, central banks could use these indicators to promote financial stability and achieve the objectives of macro-stability. Thus, as the tools used by regulators take considerable time to take effect, methods capable of picking up warnings signals of the start of a bubble could be very useful. Finally we conjecture that the LKT and the PWY methods can also be applied to study recent phenomena in real estate, commodity and foreign exchange markets.
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